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We theoretically investigate a possible existence of a p-wave 4ΣHe resonant state with J
π = 1−, T  1/2
above the Σ threshold, using a coupled (3N–Λ) +(3N–Σ) model with a spreading potential. We calculate 
inclusive and Σ–Λ conversion π− spectra in a 4He(K−, π−) reaction at 1.5 GeV/c, θlab = 4–12◦ by the 
Green’s function method in a distorted-wave impulse approximation. The pole position for the p-wave 
Σ resonant state in 4ΣHe is determined on the Riemann sheets in the complex E plane. The result shows 
that a peak of the 4ΣHe resonant state is clearly obtained in the conversion spectra above the Σ threshold, 
and that the angular distributions of these spectra enable extraction of the contribution of the resonant 
state from the π− spectra. Effects of the Σ-nucleus potential and the interference between Λ and Σ on 
the spectra are also discussed.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
The existence of a 4ΣHe hypernucleus is experimentally con-
ﬁrmed in a 4He(K−, π−) reaction at pK− = 0.6 GeV/c,
θlab = 4◦ [1]. This state is identiﬁed as an s-wave Σ quasibound 
(or unstable bound) state with Jπ = 0+ , T  1/2 [2,3], ending 
a decade-long discussion of whether 4ΣHe is a Σ bound state 
or not [4,5]. The 4ΣHe hypernucleus might be interpreted as a 
strange partner of the α particle, together with 4ΛHe [2]. They be-
long to the 28 representation in the ﬂavor SU(3) symmetry for 
four-baryon systems [6,7]. It seems that the ﬂavor SU(3) nature re-
mains in Σ-hypernuclear states rather than Λ-hypernuclear ones, 
because a Σ hyperon can interact with a nucleon in proportion to 
(σ N · σΣ)(τ N · tΣ) that is a potential term generated by π + ρ
meson exchange at low energies, as well as a nucleon.
It has been recognized that there appears a strong spin–isospin 
dependence in ΣN interaction [8], as supported by modern YN po-
tentials [9] and also recent Lattice QCD calculations [10]. The ΣN
3 S1, I = 1/2 state belongs to the 10 representation in the ﬂavor 
SU(3) symmetry for baryon–baryon systems, as well as the NN
3 S1, I = 0 state [6]. In the K−d → π−Λp reaction, a threshold 
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SCOAP3.cusp at the Σ+p threshold is often interpreted as a strange partner
of the deuteron [11]. The ΣN 3 S1, I = 3/2 state that belongs 
to the 10 representation, is strongly repulsive because this state 
corresponds to a quark Pauli-forbidden state in baryon–baryon sys-
tems [12].
Although there is no evidence of narrow Σ peaks in (K−, π∓)
reactions on p-shell nuclear targets [13,14], these π− and π+
spectra also indicate that the Σ-nucleus potential has a strong 
isospin dependence [13]. For heavier Σ states, the Σ-nucleus po-
tentials have a strong repulsion in the real part with a sizable 
imaginary part in (π−, K+) reactions on nuclear targets [15]. This 
repulsion may mainly originate from the ΣN 3 S1, I = 3/2 state.
The negative-parity excited states of the α particle have 
been established in the regions of the excitation energy Ex =
21–24 MeV, and these splittings are caused by the spin-dependent 
parts of the NN interaction. These p-wave states are sometimes 
interpreted as a 15-dimensional SU(4) supermultiplet that is ex-
plained by 1p–1h shell model calculations [16], and they are better 
understood in 3N–N cluster model calculations [17] or microscopic 
calculations [18].
In this Letter, we theoretically investigate a possible existence 
of the p-wave 4ΣHe resonant state with J
π = 1− , T  1/2 above 
the Σ threshold, using a coupled (3N–Λ) + (3N–Σ) model with a 
spreading potential [2]. We obtain a pole position of the 4ΣHe reso-
nant state on the Riemann sheets in the complex E plane. In order  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
T. Harada, Y. Hirabayashi / Physics Letters B 740 (2015) 312–316 313Fig. 1. Momentum transfer qΣ for a Σ production by the (K− , π−) reaction on a 
4He target, as a function of the incident K− lab momentum pK . The solid, long-
dashed, dashed and dotted curves denote for θlab = 0◦, 4◦, 8◦ and 12◦ in the lab 
frame, respectively.
to see the resonant state at forthcoming J-PARC experiments [19], 
we demonstrate inclusive and Σ–Λ conversion π− spectra in 
the 4He(K−, π−) reaction at pK− = 1.5 GeV/c, θlab = 4–12◦ in a 
distorted-wave impulse approximation (DWIA). We discuss the ef-
fects of the Σ-nucleus potential on the π− spectra, and also the 
effects of the interference between Λ and Σ channels on them. 
From the viewpoint of the ﬂavor SU(3) symmetry, it is interesting 
to investigate the existence of the 4ΣHe hypernucleus, extending 
from the s-wave (L = 0) bound state to p-wave (L = 1) resonant 
ones, whereas the symmetry breaking effects are very important 
in the presence of large mass splittings among baryons.
2. Calculations
We brieﬂy mention our calculations for the inclusive and 
semiexclusive π− spectra in the 4He(K−, π−) reaction at
1.5 GeV/c. An inclusive double-differential cross section for
(K−, π∓) reactions in the DWIA [20] is estimated by a coupled-
channel version of the Green’s function method [21]; meson dis-
torted waves are calculated with the help of the eikonal approx-
imation [2,20]. Fermi-averaged amplitudes f (Yπ) for K¯ N → πY
reactions in nuclear medium are obtained from elementary ones 
in free space [22,23]. Hypernuclear ﬁnal states with natural-
parities, Jπ = 0+, 1−, 2+, . . . , are considered because the spin-
ﬂip processes are known to be negligible in K−p → π−Σ+ and 
K−n → π−Σ0 reactions around 1.5 GeV/c [22,23]. A population of 
the Jπ components in the π− spectrum depends on the energy 
and momentum transfer for the Σ hyperon,
ω = EK − Eπ , qΣ = pK − pπ . (1)
Fig. 1 displays the momentum transfer qΣ in the 4He(K−, π−) re-
actions at various π− scattering angles θlab, as a function of the 
incident K− lab momentum pK . For a very light target like 4He, 
we must take into account the recoil effects [2,3] in which the 
momentum transfer effectively acts on qeffΣ ≈ (3/4) × qΣ . We as-
sume ﬁnal states classiﬁed as 3HeΛπ− , 3HΣ+π− , 3HeΣ0π− and 
X++Λπ− for the π− spectrum, where X++ denotes dp or ppn
as 3N-core breakup processes. Therefore, the multichannel Green’s 
function is obtained by solving a coupled equation with the 3N–Y
potential in 3He–Λ, 3H–Σ+ and 3He–Σ0 channels [2]. In a Σ qua-
sibound or resonant state of 4ΣHe with J
π , a secondary process
[ 4
ΣHe
(
Jπ
)]→ X++Λ, (2)may occur where the produced Σ hyperon subsequently interacts 
with a second nucleon, and it is converted to a Λ via the inter-
nal ΣN → ΛN processes. This conversion generally induces core-
nuclear breakup reactions in which a converted ΛN pair should 
be emitted in a back-to-back direction in the center-of-mass frame 
because the ΛN pair gets a large energy from the mass splittings 
of mΣ − mΛ  80 MeV. This is reminiscent of the fact that the 
enhancement of X++Λπ− with 3N-core breakup processes dom-
inates near the Σ threshold, as shown in the HeBC data [5]. This 
enhancement is associated with a pole of the S matrix for 4ΣHe
on the Riemann sheets. The pole position can be determined as a 
complex eigenvalue for the Σ quasibound or resonant state of the 
3N–Y system on the complex E plane; EΣ+ ( Jπ ) = EΣ+ − i 12ΓΣ , 
where EΣ+ is measured from the 
3H+ Σ+ threshold.
3. The Σ-nucleus potential
The potential matrix for the 3N–Y systems on the isospin bases 
is written as [2]
Uˆ =
⎛
⎝ UΛ,1/2 UX,1/2 0U X,1/2 UΣ,1/2 0
0 0 UΣ,3/2
⎞
⎠ , (3)
where the diagonal potentials for T = 1/2, 3/2 are given as
UY ,T = VY ,T + iWY ,T (4)
for Y = Σ , Λ, and U X,1/2 is an off-diagonal Λ–Σ coupling po-
tential that is assumed to be real. The ΛN–ΣN coupling plays 
a signiﬁcant role in understanding the anomalous binding ener-
gies of s-shell Λ hypernuclei [24] and the production mechanism 
of neutron-rich Λ hypernuclei [25]. The imaginary part WY ,T is 
a spreading potential, which effectively describes all the 3N-core 
breakup processes. The Σ-nucleus potentials are rewritten as
UΣ = UΣ0 +
1
Acore
UΣ1 (T C · tΣ), (5)
where T C and tΣ are the isospin operators of the core nucleus and 
a Σ hyperon, respectively; isoscalar UΣ0 and isovector U
Σ
1 /Acore
parts denote UΣ0 = 23UΣ,3/2+ 13UΣ,1/2 and UΣ1 /Acore = 23 (UΣ,3/2−
UΣ,1/2), respectively. The latter term that is the so-called Lane’s 
potential [26] for the nuclear system, is constructed as
3
3
[
vΣN3/2,1 − vΣN1/2,1
]− 1
3
[
vΣN3/2,0 − vΣN1/2,0
]
for Jπ = 0+,
1
3
[
vΣN3/2,1 − vΣN1/2,1
]+ 1
3
[
vΣN3/2,0 − vΣN1/2,0
]
for Jπ = 1+, (6)
where vΣNI,S is a two-body ΣN effective interaction in the isospin 
I and spin S state. We recognize that the Lane term is coherently 
enhanced for Jπ = 0+ because its conﬁguration is constructively 
added with the repulsive vΣN3/2,1 and v
ΣN
1/2,0 components and the 
attractive vΣN1/2,1 and v
ΣN
3/2,0 ones, but it is destructively added with 
them for Jπ = 1+ . In Refs. [2,3], we determined phenomenologi-
cal parameters of the 3N–Y potential, extracting its pole position 
for Jπ = 0+ from the observed spectra. Since UΣ0 has a inner 
repulsion and UΣ1 /Acore is sizably positive [27], the Lane term 
for 4ΣHe plays an important role in making a T = 1/2 bound 
state in Jπ = 0+ , caused by UΣ,1/2 = UΣ0 − UΣ1 /Acore. This im-
plies that Σ bound states may be unlikely for heavier (Acore ≥ 5) 
systems because the Lane term is in proportion to 1/Acore [27]. 
On the other hand, the T = 3/2 state in 4ΣHe is unbound because 
UΣ,3/2 = UΣ + UΣ/2Acore becomes strongly repulsive.0 1
314 T. Harada, Y. Hirabayashi / Physics Letters B 740 (2015) 312–316Fig. 2. Pole trajectories of the S matrix for a p-wave Σ state in 4ΣHe( J
π = 1−), as a 
function of NR for the real part of VΣ,T , depending on the imaginary part of WΣ,T
and the Λ–Σ coupling of U X,1/2. The dashed and solid curves denote pole trajec-
tories on the third and fourth Riemann sheets, [− − +] and [− − −], respectively, 
in changes of NR = 0.0–1.6.
We evaluate a pole position of the S matrix for the 3N–Y
system with the Σ-nucleus potential of Eq. (3), solving the mul-
tichannel Lippmann–Schwinger equation on complex E plane [28]. 
For s-waves, we conﬁrm the 4ΣHe quasibound state with J
π = 0+ , 
T  1/2, as shown in Ref. [2]. The pole resides at
EΣ+
(
0+
)= −1.1− i 6.3 MeV (7)
on the second Riemann sheet [− ++], where the sheet is identiﬁed 
by three signs of [ImkΛ , ImkΣ+ , ImkΣ0 ] with the c.m. momentum 
kY of the 3N–Y system in the complex momentum plane [29].
On the other hand, the Σ-nucleus potential for p-waves is still 
unknown. The contribution of non-central forces are vanished for 
natural parity Jπ = 1− in which we have L = 1, S = 0. We consider 
a central potential obtained by introducing strength factors of NR
and NI into the potential used for the s-wave, where NR and NI
denote the factors for the real and imaginary parts, respectively; 
VΣ,T → NR × VΣ,T , WΣ,T → NI × WΣ,T . Fig. 2 shows pole trajec-
tories of the S matrix for a p-wave Σ state in 4ΣHe( J
π = 1−), as a 
function of NR for the real part of VΣ,T , depending on the imagi-
nary part of WΣ,T and the Λ–Σ coupling of U X,1/2. When WΣ,T
and U X,1/2 are switched on (full), we ﬁnd the poles located on 
the third and fourth Riemann sheets, [− − +] and [− − −]. When 
only WΣ,T is switched off, these pole are shifted in the direc-
tions of higher energies and shallower widths [30]. When WΣ,T
and U X,1/2 are switched off, the pole becomes a pure p-wave Σ
bound state at NR ≥ 1.26 (1.48) in the Riemann sheet [− − +] 
([− −−]), otherwise it behaves as a pure p-wave Σ resonant state; 
since the coupling between 3HΣ+ and 3HeΣ0 channels due to 
UΣ1 /Acore is taken into account, we also conﬁrm the trajectories 
of the poles and shadow poles in coupled channels, as discussed 
in Ref. [31]. Consequently, we recognize that there remain these 
poles for p-wave Σ states on the Riemann sheets as NR increases
even if UX,1/2 is switched off. This implies that these pole states 
may belong to an “unstable resonant state” in the Σ channel ac-
cording to the concept of an unstable bound state [29] in which a 
particle on an upper channel is still bound when the coupling is 
switched off.
In Table 1, we show pole positions of the resonant states in 
4
ΣHe with J
π = 1− on the Riemann sheets using several values 
of NR and NI . Here we chose the strengths with NR = 0.6 and Table 1
Pole positions of the p-wave resonant states of 4ΣHe with J
π = 1− , T  1/2 on 
the third and fourth Riemann sheets, [− − +] and [− − −], near the Σ threshold. 
NR and NI denote the potential strength factors of real and imaginary parts for the 
3N–Σ potential, respectively.
Case NR NI Sheet [− − +] Sheet [− − −]
EΣ+ EΣ0
1
2ΓΣ EΣ+ EΣ0
1
2ΓΣ
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
A 0.6 0.9 +2.8 +0.0 5.9 +2.3 −0.4 5.3
A′ 0.6 0.0 +3.8 +1.1 5.7 +3.9 +1.1 4.9
B 0.0 0.9 +2.9 +0.2 7.7 +2.9 +0.2 7.8
C 1.0 1.0 +1.4 −1.3 4.3 +1.4 −1.3 3.1
NI = 0.9 as a standard (Case A) because the values of the factors 
were used for p-wave Σ states with Jπ = 1− in the 4He(K−, π−)
reaction at 0.6 GeV/c (4◦), whereas the calculated spectra were 
rather insensitive to a change of NR and NI in a low momentum 
transfer reaction of qΣ  121 MeV/c [2]. We ﬁnd that the poles 
reside at
EΣ+
(
1−
)= +2.8− i 5.9 MeV (8)
on the third Riemann sheet [− − +] and at
EΣ+
(
1−
)= +2.3− i 5.3 MeV (9)
on the fourth Riemann sheet [− −−]. A pole on the Riemann sheet 
[− −+] or [− −−] is directly connected to the physical region [29]. 
The probability of the channel β (= 3HeΛ, 3HΣ+ or 3HeΣ0) com-
ponent in the pole may be given as
Pβ =
ac∫
0
∣∣φβ(r)∣∣2r2dr (10)
with
∑
β
ac∫
0
∣∣φβ(r)∣∣2r2dr = 1, (11)
where ac is the channel radius and φβ is the wave function for 
channel β at the pole. We used ac = 1.65 fm which corresponds to 
the potential range in Eq. (3). We obtain probabilities of PΛ = 23%, 
PΣ+ = 68% and PΣ0 = 9% for the pole on the sheet [− − +] in 
Eq. (8), leading to the isospin T = 1/2 probability of PΣ,T=1/2 =
91% in the Σ channel, and we obtain probabilities of PΛ = 25%, 
PΣ+ = 49% and PΣ0 = 26% on the sheet [− − −] in Eq. (9), lead-
ing to PΣ,T=1/2 = 99%. The components of the 3HΣ+ and 3HeΣ0
channels predominately contribute to the resonant state, decaying 
into the Σ escape processes as well as the Λ conversion ones in 
comparison between Cases A and A′ . As a result, we show that 
the poles act on the p-wave Σ resonant state with Jπ = 1− , 
T  1/2 on the Riemann sheets, in which their positions depend 
on NR and NI we used, as clearly seen in Table 1. We stress that 
there is always the p-wave 4ΣHe resonant state with the width of 
ΓΣ  6–12 MeV in our calculations using these acceptable param-
eters. We believe that not only the 0+ bound state but also the 1−
resonant state in 4ΣHe are very promising candidates in order to 
see the nature of ΣN interaction and the importance of the Λ–Σ
coupling quantitatively.
4. Results and discussion
Let us consider the inclusive and Σ–Λ conversion π− spectra 
in the 4He(K−, π−) reaction at pK− = 1.5 GeV. To search for a sig-
nal of the 1− resonant state and to distinguish it from the other 
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spectra at θlab = 4◦, 8◦ and 12◦ that correspond to the momentum 
transfers of qΣ = 228, 286 and 362 MeV/c, respectively, as seen in 
Fig. 1. The shape of the π− spectra depends on the Fermi-averaged 
amplitudes f (Yπ) in which the relative phases of ϕΛ and ϕΣ at 
1.5 GeV/c are unknown. Here we assume the relative phase of 
ϕΛ = +77.3◦ and ϕΣ = −87.6◦ by the same additional phases that 
were phenomenologically determined in the 4He(K−, π∓) reaction 
at 0.6 GeV/c [2]. We also evaluate the Σ–Λ conversion spectra, 
which may be identiﬁed by tagged-Λ measurements [19]. In this 
article, hereafter, a detector resolution of 3 MeV FWHM is taken 
into account for the calculated spectra.
Fig. 3 shows the angular distributions of the calculated inclusive 
and Σ–Λ conversion π− spectra in the 4He(K−, π−) reaction at 
1.5 GeV/c, together with the 0+ and 1− components of the conver-
sion spectrum, as a function of the energy transfer ω. We recog-
nize that the contribution of Σ production dominates rather than 
that of Λ production because the Fermi-averaged cross sections 
of the K−p → Σ+π− and K−n → Σ0π− reactions at 1.5 GeV/c
are larger than that of the K−n → Λπ− reaction [23]. In Fig. 3(a), 
we ﬁnd two peaks at ω  265 and 275 MeV across the Σ thresh-
old in the conversion spectrum. These peaks consist of the sum 
of the 0+ and 1− conversion components because the population 
of the 0+ ground state is comparable to that of the 1− reso-
nant state, where the momentum transfer is qΣ  228 MeV/c at 
θlab = 4◦ . Since these states are located close to the Σ threshold, 
the shape of the distributions is modiﬁed from the Breit–Wigner 
function by threshold effects. In Fig. 3(b), we ﬁnd that the 1−
resonant state is favored rather than the 0+ ground state in the 
conversion spectrum due to qΣ  286 MeV/c at θlab = 8◦ . As a re-
sult, the shape of the conversion spectrum is changed as a whole, 
and a peak of the spectrum is seen at ω  275 MeV above the Σ
threshold. In Fig. 3(c), we ﬁnd that the peak is masked because 
the contribution of LΣ ≥ 2 also dominates in qΣ  362 MeV at 
θlab = 12◦ . Consequently, we recognize that the 1− resonant state 
can be extracted from the angular distributions of the conversion 
spectra, controlling the momentum transfer qΣ by the scattering 
angle of θlab. The shape of the conversion spectrum is a promising 
object of detecting the attraction in the Σ states because the Σ
converts to a Λ inside the nucleus. This fact reminds us the con-
tribution of the 1− resonant state in the X++Λπ− spectrum in the 
HeBC data in K− absorption on 4He at rest, where the momentum 
transfer becomes qΣ  169 MeV/c, as seen in Fig. 1 [3].
Moreover, we study the effects of the Σ-nucleus potential on 
the p-wave resonant state in the spectrum. In Fig. 4, we show 
the contribution of the p-wave resonant state in the conversion 
spectrum at 1.5 GeV/c, θlab = 8◦ , changing artiﬁcially strength fac-
tors of (NR , NI ) given in Table 1. When the real part is switched 
off (NR = 0.0), the magnitude of the 1− component in the con-
version spectrum (Case B) above Σ threshold is quite reduced, 
in comparison with the spectrum (Case A) that corresponds to that 
drawn in Fig. 3(b). When we use the original potential (NR = 1.0
and NI = 1.0) of Eq. (3), we ﬁnd that the 1− component in the 
spectrum (Case C) is signiﬁcantly enhanced due to the p-wave res-
onant state. This implies that the conversion spectrum provides the 
ability to determine the strength of the Σ-nucleus potential for 
p-wave states.
Dalitz and Deloff [11] pointed out that the interference effect 
between Λ and Σ is important to reproduce the π− distributions 
in the d (K−, π−) reaction. This effect mainly depends on the rel-
ative phase ϕΛ between the Fermi-averaged amplitudes of f¯(Λπ−)
and f¯(Σπ−) . In Ref. [3], we discussed that the interference effect is 
more important in K− capture at rest because absolute values of 
| f¯(Λπ−)| and | f¯(Σπ−)| are comparable. This situation seems to be 
similar to that at 1.5 GeV/c. In order to see the dependence of ϕΛ , Fig. 3. Calculated inclusive and Σ–Λ conversion π− spectra in 4He(K−, π−) re-
actions at 1.5 GeV/c, θlab = (a) 4◦, (b) 8◦ and (c) 12◦ , as a function of the energy 
transfer ω. Solid and dot-dashed curves denote the inclusive and conversion spec-
tra, respectively. Dashed and long-dashed curves denote the contributions of the 0+
and 1− components in the conversion spectra, respectively. A peak at 194 MeV cor-
responds to the 0+ ground state of 4ΛHe. These spectra are taken into account a 
detector resolution of 3 MeV FWHM.
316 T. Harada, Y. Hirabayashi / Physics Letters B 740 (2015) 312–316Fig. 4. Effects of the potential strengths on the p-wave 4ΣHe resonant state in 
the 4He(K−, π−) reaction at 1.5 GeV/c, θlab = 8◦ , with a detector resolution of 
3 MeV FWHM. The labels A, B, and C denote the spectra with strength factors 
of (NR , NI ) = (0.6, 0.9), (0.0, 0.9) and (1.0, 1.0), respectively. Solid and long-dash 
curves denote the inclusive π− spectra and the 1− component in the conversion 
spectra, respectively. The dashed curve denotes the 0+ component in the conver-
sion spectra. See also Table 1.
Fig. 5. Effects of the relative phase ϕΛ on the inclusive, 0+ and 1− components 
of the conversion π− spectra in the 4He(K−, π−) reaction at 1.5 GeV/c, θlab = 8◦ . 
Solid, long-dashed, dashed and dot-dashed curves denote the spectra for ϕΛ + 0◦ , 
ϕΛ − 90◦ , ϕΛ + 90◦ and ϕΛ ± 180◦ , respectively. See also the captions in Fig. 3.
we also demonstrate the π− spectra, introducing artiﬁcial rela-
tive phases when we use the potential for p-waves (NR = 0.6 and 
NI = 0.9). Fig. 5 displays the calculated π− spectra with ϕΛ + 0◦ , 
ϕΛ ± 90◦ and ϕΛ ± 180◦ . The inclusive π− spectrum strongly de-
pends on the interference effect and the Λ–Σ coupling. However, 
we ﬁnd that the magnitude of the 1− component in the conver-
sion spectrum is rather insensitive to ϕΛ above the Σ threshold, 
whereas the magnitude of the 0+ component is sizably changed 
below the Σ threshold as well as the inclusive π− spectrum. Thus, 
we expect to safely extract properties of the 4ΣHe resonant state 
from the 1− component in the conversion spectra observed by the 
4He(K−, π−) reactions at pK− = 1.5 GeV/c, θlab = 4–12◦ .
5. Summary and conclusion
We have demonstrated the inclusive and Σ–Λ conversion spec-
tra in the 4He(K−, π−) reaction at 1.5 GeV/c at θlab = 4–12◦ , in order to obtain evidence for p-wave Σ resonant states at forth-
coming J-PARC experiments. We have indicated the existence of 
the 4ΣHe resonant state with J
π = 1− , T  1/2, of which the poles 
are located near EΣ+ = +2.8 − i 5.9 MeV on the third Riemann 
sheet [− − +] and EΣ+ = +2.3 − i 5.3 MeV on the fourth Riemann 
sheet [− − −] in the complex E plane.
In conclusion, we have shown that a promising signal of the 
4
ΣHe resonant state could be clearly observed above the Σ thresh-
old in the conversion spectrum by the tagged-Λ measurements. 
The angular distributions of the inclusive and conversion spectra 
provide signiﬁcant information on the nature of the p-wave res-
onant state and the Σ-nucleus potential. This work is the ﬁrst 
attempt to search for a p-wave Σ resonant state. We expect that 
such 4He(K−, π−) experiments are carried out at J-PARC facilities 
in the near future.
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